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Abstract. Extracellular matrix molecules are gener-
ally categorized as collagens, elastin, proteoglycans, or
other noncollagenous structural/cell interaction pro-
teins. Many of these extracellular proteins contain dis-
tinctive repetitive modules, which can sometimes be
found in other proteins. We describe the complete pri-
mary structure of an al chain of type XII collagen
from chick embryonic fibroblasts. This large, structur-
ally chimeric molecule identified by cDNA analysis
combines previously unrelated molecular domains into
a single large protein 3,124 residues long (ti340 kD).
The deduced chicken type XII collagen sequence starts
at the amino terminus with one unit of the type III
motif of fibronectin, which is followed by one unit ho-
mologous to the von Willebrand factor A domain,
then one more fibronectin type III module, a second A
domain from von Willebrand factor, 6 units of type III
motif and a third Adomain, 10 consecutive units of
type III motif and a fourth A domain, a domain ho-
mologous to the NC4 domain peptide of type IX col-
lagen, and finally two short collagenous regions previ-
E
xTRACELLULAR matrices can influence a variety of
cell and tissue functions; their components are gen-
erally classified into collagens, elastin, proteogly
cans, or a group of various noncollagenous structural/in-
teractive glycoproteins (Hay, 1981; Piez and Reddi, 1984).
Recent progress in the structural analysis of extracellular
matrix molecules reveals thattheygenerally contain distinc-
tive modules, which are reiterated in the protein and are
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ously described as part of the partially sequenced col-
lagen type XII molecule; an Arg-Gly-Asp potential
cell adhesive recognition sequence is present in a
hydrophilic region at the terminus of one collagenous
domain. Antibodies raised to type XII collagen syn-
thesized in a bacterial expression system recognized
not only previously reported bands (220 kD et cetera)
in tendons, but also bands with apparently different
molecular sizes in fibroblasts and 4-d embryos. The
antibodies stained a wide variety of extracellular ma-
trices in embryos in patterns distinct from those of
fibronectin or interstitial collagens. They prominently
stained extracellular matrix associated with certain
neuronal tissues, such as axons from dorsal root gan-
glia and neural tube. These studies identify a novel
chimeric type of molecule that contains both adhesion
molecule and collagen motifs in one protein. Its struc-
ture blurs current classification schemes for extracellu-
lar proteins and underscores the potentially large di-
versity possible in these molecules.
sometimes found inother, unrelatedproteins. Forexample,
the adhesive glycoprotein fibronectin contains threecharac-
teristic types of repetitive module (Petersen et al., 1983;
Mosher, 1989; Hynes, 1990). One such module, thetype III
motif, can also be found in several other proteins including
cell adhesion molecules such as tenascin and cell surface
receptors (reviewed in Norton et al., 1990; Patthy, 1990).
Othernoncollagenous cellinteraction proteins such as lami-
nin and von Willebrand factor contain other distinctive re-
peating domains (Sasakiet al., 1987; Titani andWalsh, 1988).
Similarly, the core proteins of proteoglycans also display
209several other types of module, which are common to other
proteins involved in cell growth or adhesion (Fisher et al .,
1989; Zimmermann and Ruoslahti, 1989). In general, these
modules are thought to have undergone considerable gene
duplication during evolution; some modules are clustered
into larger functional domains of a single matrix protein,
while the same module unit can appear in other proteins.
In contrast, the 14 or more genetically distinct types of
collagen are characterized by the Gly-XY tripeptide repeat-
ing unit necessary for formation of the triple helix (reviewed
recently in Burgeson, 1988; Vuorio and de Crombrugghe,
1990; Gordon and Olsen, 1990) . Collagenous stretches are
occasionally found in other proteins present in plasma and
synapses, where they are thought to play similar structural
roles (Lee et al., 1987; Reid, 1979; Mays and Rosenberry,
1981) . Conversely, nonhelical regions are found in a number
of collagen types. Additionally, type IX collagen is an un-
usual chimeric molecule consisting of a collagen and a pro-
teoglycan-like structure (Noro et al., 1983; Vaughan et al.,
1985) . Therefore, collagens are presently viewed as mem-
bers of a superfamily of distinctive triple helix-containing
extracellular matrix molecules consisting of several subfami-
lies between which are large structural differences.
In this report, we describe the extraordinary structure of
type XII collagen that combines repeating modules homolo-
gous to (a) the fibronectin type III unit and (b) the domain
of von Willebrand factor implicated in binding to collagen,
with (c) a noncollagenous domain homologous to the NC4
domain peptide of type IX collagen and (d) collagenous do-
mains interrupted by a non-helical segment, and with (e) the
Arg-Gly-Asp potential adhesive recognition signal. Immu-
nofluorescence localization of the protein reveals a distinc-
tive distribution in vivo. These results indicate that there is
no evolutionary prohibition against mixing collagen and ad-
hesion/cell interaction domains in the same molecule, and
they suggest that other "chimeric" extracellular molecules
can be identified or developed to mediate almost any combi-
nation of extracellular structural and regulatory functions.
Materials andMethods
Molecular Cloning
Molecular cloning was carried out mostly as described by Sambrook et al.
(1989). cDNA was produced from poly A+ RNA from cultured 10-d chick
embryo fibroblasts (CEF) primed with oligo dT nucleotides and inserted
into the kgtll phage vector using EcoRI linkers as described previously
(Obara et al., 1988). A total of5 x 105 plaques using E. coli strain Y1090
was screened with rabbit polyclonal antibodies raised against type M pro-
teoglycan (PG-M) (Kimata et al., 1986) by the method of Huynh et al.
(1985). The bound antibodies were detected by peroxidase-conjugated pro-
tein A (EY Laboratories Inc., San Mateo, CA) and diaminobenzidine.
Some flanking clones were isolated from plaques formed on strain Y1088
using the same library by hybridizing with the original DNA fragment la-
beled by nick translation or by a random priming method.
For cloning the 5' cDNA end, four cycles of rapid amplification ofcDNA
ends by the method ofFrohman et al. (1988) were carried out. Briefly, the
5' end of type XII collagen mRNA in poly A+ RNA from chick fibroblasts
was converted into cDNA using Moloney murine leukemia virus reverse
transcriptase (Bethesda Research Laboratories, Gaithersburg, MD) and
gene specific primers corresponding to sequences, 50-100 by downstream
from each previously established 5' end (TCAGCAATCACACTGAC, GAA-
GGTGTTAATAGCTTG, TTCAACTTCGTCTTGAGCT, and finally CCA-
TGACATTTGAACATTA). The primers were removed by Centricon 100
ultrafiltration (Japan Millipore Ltd., Tokyo, Japan). A dC homopolymer
was then appended to the generated cDNA using terminal transferase (Be-
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thesda Research Laboratories) . The tailed cDNA was treated at 95°C for
5 min, annealed to the linker/homopolymer primer AAGCTTCCGCGG-
GGTACGn at 63°C for 3 min, and incubated with Taq DNA polymerase
at 72°C for 30 min. After removal of the primers by Centricon 100 ul-
trafiltration, polymerase chain reaction was performed in a model PJ2000
DNA thermal cycler (Cetus Co., Emeryville, CA) using a GeneAmp DNA
amplification reagent kit (Takara Shuzo Co., Kyoto, Japan), a linker primer
(AAGCTTCCGCGGGGTAC) and an upstream gene specific primer in-
cluding an appropriate restriction site (AAGCTTAGCAAGTTGGTGAG-
AAC,GAGAATTCCATATGGGGATCTCTGCT,GCGAATTCTTGCTCC-
AGCTGACTC, and finally GCGAATTCAAGTCTGACGGTGGAT) under
appropriate conditions. A typical condition was as follows: 40 cycles of
94°C, 40 s; 54°C, 2 min; 72°C, 3 min, and 10 min extension of the final
incubation at 72°C. The overhanging ends ofchain reaction products were
modified with T4 DNA polymerase, and the products were purified by
agarose gel electrophoresis and cloned into the Smal site ofpGEM3Zf(-)
(Promega Biotec, Madison, WI). In some cases, products were digested
with EcoRl, cloned into the Sma I/EcoRl site ofpGEM3Zf(-), and trans-
fected into E. coli. The bacterial colonies were screened with a labeled
DNA probe covering the known Tend sequence. Th confirm the accuracy
of in vitro replication during the amplification step, at least three clones
(with different 5'-terminal lengths) were sequenced at all positions.
DNA sequences were determined by a dideoxynucleotide termination
method (Sanger et al., 1977) with 7-deazaguanidine and Klenow enzyme
after cloning into M13 mpl8/19 or pGEM3Zf(-) vectors. Both cDNA
strands were sequenced at least twice at all positions by priming exonucle-
ase 111-deleted or subcloned DNA. Difficulties in sequencing due to band
compression were circumvented by using AmpliTaq DNA polymerase
(Takara Shuzo Co.) or Sequenase (United States Biochemical Co., Cleve-
land, OH). Nucleic acid or protein sequence data were analyzed with the
DNASIS program (Hitachi Co., Tokyo, Japan).
Chicken fibronectin cDNA was kindly donated by Dr. H. Hirano,
University ofOccupational and Environmental Health (Kitakyushu, Japan).
Antibody and Immunoblotting
A fused protein containing P-galatosidase and the protein product encoded
by MFl insert DNA was produced in a Y1089 lysogen and purified by
affinity chromatography with an anti /3-galactosidase antibody (type HA,
Promega Co.) according to themanufacturers' protocol. BALB/c mice were
immunized with the purified protein using a Freund's adjuvant system.
For immunoblotting, CEF cultured in 1:1 DMEM Ham's F12 sup-
plemented with 10% FCS were rinsed and lysed with SDS sample buffer
with 5 % (wt/vol) mercaptoethanol, 5 mM EDTA, and 2 mM PMSF Whole
bodies of4-d chick embryo or tendons of 3-d chick was homogenized with
theSDS samplebuffer. 10,ugofprotein was separated in a 5 % (wt/vol) SDS
gel and transferred to a nitrocellulose membrane (Towbin et al., 1979).
Blocking and reaction ofantibodies were performed in PBS containing 5%
(wt/vol) skim milk (Difco Laboratories, Detroit, MI). Bound antibodies
were detected with peroxidase-conjugated anti-mouse immunoglobulin an-
tibodies (Amersham Japan Co., Tokyo, Japan) and Konica Immunostaining
kit IS-50B (Konica Co., Tokyo Japan).
Chickenplasma fibronectin and chicken tenascin were kindly donated by
Y. Asano in this laboratory. Chicken PG-M core molecules were prepared
as previously described (Yamagata et al., 1989).
Immunofluorescence Staining
For immunofluorescence staining, tissues werefixed in 3.5% (wt/vol) form-
aldehyde in Hanks' balanced salt solution supplemented with 20 mM Hepes
(HBS), pH 7.4 at 4°C for several hours. Specimens were subsequently im-
mersed in a graded series of sucrose solutions consisting of HBS containing
12 % (wt/vol), 15%, and then 18 % sucroseat 4°C. The treated tissues were
frozen in Tissue-Tek (Miles Scientific, Naperville, IN) and sectioned.
Cryosections were collected on a glass slide previously coated with a solu-
tion containing 1% (wt/vol) gelatin and 0.1% (wt/vol) chromium potassium
sulfate. The sections were permeabilized in absolute methanol at -20°C
for 30 min and immersed in PBS including 5% (wt/vol) skim milk at room
temperature for 30 min. After incubation with first antibodies in the same
solution, the sections were washed with PBS several times and incubated
with FITC-conjugated anti-mouse immunoglobulins (Amersham, Japan).
After washing, the specimens were mounted in 90% (wt/vol) glycerol-10%
PBS containing p-phenylenediamine to prevent bleaching. Photographs
were taken on T-Max 400 film (Eastman Kodak Co., Rochester, NY) using
a Leitz Diaplan microscope.
210Peptide SynthesisandCellAdhesionAssay
Peptides were synthesized using t-Boc chemistry withan automated peptide
synthesizer (model 431A; Applied Biosystems, Foster City, CA). After
cleavage from the resin with Ham's F12 each peptide was purified by C18
reverse-phase HPLC, and the composition ofeach was confirmed by amino
acidanalysis. Eachpurified peptide was conjugated to rabbit immunoglobu-
lin G (Sigma Chemical Co., St. Louis, MO) as described previously (Hum-
phries et al., 1987), except that the N-succinimidyl 3-(2-pyridyl-dithio)
propionate conjugation and gel filtration steps were performed in 0.1 M so-
dium borate, pH 9.0, tominimize precipitation. Mouse laminin fromEngel-
breth-Holm-Swarm tumor and bovine plasma fibronectin were prepared in
this laboratory (Yamagata et al., 1989). These materials were coated on
96-well microtitration polystyrene plates (Sumitomo Chemical Co., Tokyo,
Japan) in PBS. After rinsing with HBS, 100 Al of HBS supplemented with
0.1% BSA (A-4378; Sigma Chemical Co.), 1 mM CaC12, and 1 MM M9C12
was added to each well before cell seeding.
For the cell adhesion assays, each cell line was maintained in Dulbecco
modified Eagle's minimal essential medium/Ham's F12 supplemented with
10% (vol/vol) FCS. B16-F10 melanoma cells generated by Dr. I. J. Fidler
were a gift of Dr. E. A. Davidson (The Pennsylvania State University); L
cells were from Dr. M. Takeichi (Kyoto University, Kyoto, Japan); BHK-21
cells from Dr. R. Ishida (Aichi Cancer Center Research Institute, Nagoya,
Japan); NMuMG cells and Neuro 2a from American Type Culture Collec-
tion (Rockville, MD); PC12 cells from Dr. H. Hatanaka (Osaka University,
Osaka, Japan). The cell layer was rinsed with 5 ml of HBS and incubated
with2.5 mlof0.1 mg/ml trypsin (crystallized twice, Boehringer Mannheim-
Yamanouchi, Tokyo, Japan) for 5 min at 37'C. After addition of 2.5 ml of
1 mg/ml soybean trypsin inhibitor (type 1-s, Sigma Chemical Co.) and 10
pg/ml DNase I (DN-25, Sigma Chemical Co.) in HBS containing 1 MM
each of CaCIZ and MgCIZ, the cells were completely dissociated and col-
lected by centrifugation. Cells were resuspended in HBS plus Cat+ and
Mgt+ at a concentration of2 x 105 cells/ml. 100 Al of this suspension was
added to each well precoated with testing material. The microtitration plate
was incubated for 60 min at 37°C. Cells were fixed by the addition of 5 pl
of 25% glutaraldehyde per well. The number of adherent or total cells in
five different randomly chosen areas was determined at a magnification of
200 with an Olympus phase-contrast microscope to determine the attach-
ment index.
Results
MolecularCloningandStructure
ofType XII Collagen
We had initially intended to isolate a cDNA clone for the
core protein of PG-M chondroitin sulfate proteoglycan (Ki-
mata et al ., 1986; Yamagata et al., 1986, 1989) . For this pur-
pose, a cDNA library from chick embryonic fibroblasts was
constructed in the Agtll vector by a standard protocol with
oligo dT primers (Obara et al ., 1988), and was screened with
antibodies to PG-M. Characterization and specificity of the
antibody were described previously (Kimata et al., 1986).
Twoindependent clones were isolated, whose lysogens pro-
duced proteins larger than the original /3-galactosidase ac-
cording to immunoblotting (data not shown). Analysis ofthe
clones, termed MFI and MF2, revealed that the MF2 se-
quence was completely included within MR. Both clones
encoded a fibronectin-like sequence as described below. We
further isolated flanking sequences in both 5' and 3' direc-
tions from the initial clones, and aligned them by restriction
mapping and hybridization (Fig. 1). Although one clone
showed a discrepancy at nucleotide position 3820 when
aligned (for details, see below), a single series of consecu-
tively connected sequences could be constructed .
Sequence analysis demonstrated that this line of clones
represented a single, long, open reading frame with a 3' poly
A stretch (Fig. 2 a) . It was 3,124 amino acid residues long,
with a deduced molecular weight of 340,564. Its deduced
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Figure 1. cDNA clones of al chain of type XII collagen. MFl was
initially identified by probing with affinity-purified antibodies to
PG-M core molecules. Overlapping flanking 5' and 3' clones are
presented aligned in this figure. Clones 4A and LEl were exactly
identical from position 3,820 onward, whereas the 5' region (214
bp) of LEl was different from clone 4A (for details, see Fig. 2).
This nonmatching segment is represented by the short thin bar. The
end of clone 4A was an internal EcoRI site. The series of 5' clones
(PI, P2, P3, P4) isolated by a rapid cDNA end amplification method
represent the longestclones obtained in each primer extension reac-
tion. The longest open reading frame is represented by the thick bar.
amino acid sequence revealed homologies to both fibronec-
tin and von Willebrand factor. Therefore; we tentatively
named this protein "fibrochimerin" based on its chimeric
structure and expression in fibroblasts (Kimata et al ., 1989).
After naming it and completing sequence analysis of the
structure of the 3' region, we obtained a match with part of
our cDNA sequence in an updated DNA database (GenBank
R62.0, released in December, 1989). Part of the furthest 3'
clone almost perfectly matched the sequence ofthe al chain
of chicken type XII collagen, although there were some mis-
matches in base sequences probably due to a genomic poly-
morphism in this noninbred species or cloning artifacts (see
legend on Fig. 2).
Homology plot analysis showed that this protein can be
divided into 14 putative domains (Fig. 3), which we desig-
nated from the NH2-terminus to the COOH-terminus as S,
IIIA, VA, IIIB, VB, IIIC, VC, MD, VD, IXP, COL2, NC2,
COLT, and NCI, respectively. S (amino acid residues 1-23)
at the NH2 terminus contained a typical hydrophobic signal
peptide motiffollowed by hydrophilic amino acids. From the
-3, -1 rule (von Heijne, 1986), the signal peptide would be
cleaved between Ala23 and Glue°. IIIA (residues 24-114)
seemed to be the most likely NH2-terminal structural do-
main and contained a peptide sequence (90 amino acids
long) with significant homologies to type III motifs in
fibronectin (Figs. 3 and 4). VA (128-320) was a domain ho-
mologous to the A domains of von Willebrand factor. IIIB
(332-425) returned to the pattern of a fibronectin homology
unit. VB (426-619) showed a second region of homology to
A domains in von Willebrand factor (Figs. 3 and 4). IIIC
(629-1178) again returned to the pattern of the type III mo-
tifs, which were repeated six times. VC (1188-1379) was a
third region of von Willebrand factor A domains. MD
(1384-2295) was a large domain consisting of 10 type III
motifs. The 18 type III motifs in IRA, IIIB, IIIC and MD
were more closely related to those in cell adhesion molecules
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V L K R L R P R T T Y D L 5 V V P I Y D F C Q . G K S R K A E G T T A S P P K P P R N L R T S D S T M 1100
TCCAGCTTCCGAGTMCCTGGGAGCCGGCCCCTOGGCGAGTGAAGGGGTACAAMTTACTTTCCIICCCTACTGAAGATGACAGGAATCTTGGAGAATTAGTTGTGGGACCCTATGACAGCACTGTGOTTTTGGRGGAACTTAGGGCAGGA 3706
S S F R V T W E P A P G R V K G Y R V T F R P T E D D R N L G E L V V G P Y D S T V V L E E L R A G 1150
ACTACCTATAAGGTAAATGTTTTTGGAATGTTTGATGGACGAGAAAGCAACCCCCTCGTTGGACAAGAGATGACCACTCTTTCAGACACTACCACGGAGCCATTTTTATCTAGAGGTTTAGAATGTM .MCCAGAGCAGAAGCTGATATC 3856
T T Y K V N V F G M F D G G E S N P L V G 0 E M T T L S D T T T E P F L S R G L E C R T R A E A D I 1200
GTGCTACTGGTGGATGGCTCATGGKGTATCGGGAGGCCARATTTTAAAACTGTCAGGAACTTCATTTCCCGTATTGTTGAAGTTTTTGATATTGGTCCTGACAM1GTACAGATTGGTCTTOCACAGTATAGCGGAGATCCCAGGACAGAA 4006
V L L V D G S W S I G R P N F N F I S R I V E V F D I G P D K K T V R V 0 I G L A Q Y S G D P R T E 1250
TGGMTCTCMTGCTTACCGAACGAAAGAGGCTTTGTTAGACGCAGTMCCMCTTACCATACAAAGGAGOCAATACTCTAACAGGAATGGCCTTGGATTTCATCTTAAL%MCAACTTTAAACAAGARGCAGGCTTGAGGCCCAGAGCT 4156
W N L N A Y R T K E A L L D A V T N L P Y K G C N T L T G M A L D F I L K N N F K 0 E A G L R P R A 1300
CGCAAAATTGGTGTTCTCATTACTGATGGTAAATCACAAGACGACGTAGTGACCCCTTCAAGAAGACTCAGAGATGAGGGAGTAGAACTTTATGCAATTGGTATTAAAAACGCAGATGRAMTGAATTGMGCAAATTGCAACAGATCCA 4306
R K I G V L I T D G K S Q D D V V T P S R R L R D E G V E L Y A I G I K N A D E N E L K Q I A T D P 1350
GATGACATCCATGCCTACAATGTTGCAGATTTCTCCTTTCTGGCTAGCATTGGTGAAGATGTAACCACAMTTTGTGTAATAGCGTGAAAGGTCCAGGTGATTTGCCACCTCCTTCTAACCTAGTTATTTCAGAGGTMCACCTCATTCT 4456
D D I H A Y N V A D F S F L A S I G E D V T T N L C N S V K G P G D L P P P S- N L V I S E V T- P H S
￿
1400
TTCAGACTCAGATGGAGTCCACCTCCAGAAAGTGTTGACAGATATCGAGTTGAATATTACCCTACCACTGGAGGTCCCCCTAAACAGTTTTATGTAAGTAGGATGGAAMTACAACAGTTTTGAAAGATCTGACACCTGAMICAGAATAC 4606
F R L R N S- P P P E S V D R Y R V E Y Y P T T G G P P K Q P Y V S R M E T T T V L K D L T P E T E Y
￿
1450
ATTGTTAACGTGTTTTCTGTCGTAGAAGMGAMGCAGTG7NICCTCTMTCCGCAGGGAAATAACTTATCCACTGTCTTCAGTTAGAAACCTGARTGTTTATGACATTGGATCARCTTCTATGMAGTGAGATGGGARCCTGTCAATGGA 4756
I V N V F S V V E D E S S E P L I G R E I T Y P L S S V R N L N V Y D I G S T S M R V R W E P V N G 1500
GCTACTGGTTATTTGTTAACATATGAGCCTGTGMITGCCIICAGTCCCAACCACAGAGAAAGAGATGCGTGTTOGACCATCAGTGMTGAGGTTCAGCTGGTAGACCTCATCCCCAATACTGAGTACACTTTAACAGCTTATGTATTGTAT 4906
A T G Y L L T Y E P V N+ A T V P T T E K E M R V G P S V N E V Q L V D L I P N T E Y T L T A Y V L Y
￿
1550
GGTGATATCACCAGTGACCCCCTCACCTCGCAGGAAGTGACATTACCTCTGCCTGGGCCAAGAGGTGTGACAATTAGGGATGTTACTCACAGCACCATGlN1TGTCCTTTGGGATCCTGCCCCAGGGAAAGTCCGAA ATACATCATMGA
￿
5056
G D I T S D P L T S Q E V T L P L P G P R G V T I R D V T N S T M N V L W D P A P G R V R R Y I I R 1600
TACAAAATTGCTGATGAAGCTGATGTAAAGGAGGTG"MTTGACAGACTCAAAACCAGCACTACTCTTACTGACCTTTCTTCCCAAAGACTGTATMTGTGAAGGTTGTTGCTGTGTATGATGlU1GGGGRATCTCTACCAGTAGTTGCG 5206
Y K I A D E A D V K E V E I D It L R T S T T L T D L S S 0 R L Y N V K V V A V Y D E G E 5 L P V V A 1650
AGCTGTTACTCAC .CTGTGCCATCACCAGTCAATCTGAGMTCACAGAGATMCCAAGAATAGTTTTAGAGGAACTTGGGATCATGGAGCTCCAGATGTTTCTCTCTATAGAATAACCTGGGGACCATATGGTAGATCCGAAAAAGCAGAG 5356
S C Y S A V P S P V N L R I T E I T K N S F R G T N D H G A P D V S L Y R I T N G P Y G R S E K A E 1700
AGTATTGTAAATGGAGATGTCMCAGTCTGCTCTTTGAAMTCTGAACCCAGATACATTGTATGAAGTCTCGGTTACAGCCATTTATCCTGATGAATCAGAGACGGTGGRTGACTTGATTGGCAGTGi1ACGAACATTACCCTTGGTACCT 5506
S I V N G D V N S L L F E N L N P D T L Y E V S V T A I Y P D E S E T V D D L I G S E R T L P L V P 1750
ATTACAACACCAC .CTCCAMCAGTGGTCCACGAMCCTTCAAGTGTACMTGCMCTTCACACAGTTTGACTGTIAIGTGGWTCCTGCCAGTGGTCGAGTGCAGAGATACAAGATCATTTACCACCCTATCMTGGAGATGGCCCAGAA 5656
I T T P A P R 5 G P R N L Q V Y N- A T 5 H S L T V K W D P A S C R V Q R Y K I I Y 0 P I N G D G P E
￿
1800
CAGTCGRCCATGGTTGGTGGGCGACAGMCAGTGTAGTMTACAGRAGCTGCAOCCTGATACACCATATGCTATTACTGTATCATCGATGTATGCGWTGGTGAAMAGGTCGAATGACAMACGAGGCAGMCCAMCCTCTCACTACT 5806
Q S T M V G G R Q N S V V I 0 R L Q P D T P Y A I T V S S M Y A D G E G G R M T G R G R T K P L T T 1850
GTGRAGMCATGCTAFTTTATGACCCCACCACCAGTACTCTGJ1ATOTGCGTTGGGATCATGCAGAAGGAAATCCTCGCCAGTACAA%MGTTTTATAGGCCTACAGCTGCAGGTGCAGMGMATCACCACAGTACCAGGAAACACAAAC 5956
V R N M L V Y D P T T S T L N V R W D R A E G N P R 0 Y K V F Y R P T A G G A E E M T T V P G N T N 1900
TATGTTATCCTCAGATCTCTTGAACCCMCACACCTTACACTGTARCTGTGGTTCCAGTTTTCCCAGAAGGGGATGGTGGACGTACAACTGATACTGGMGAACTTTGGAGAGAGGMCACCAAGAAACATTCAAGTTTACAATCCCACA 6106
Y V I L R S L E P N T P Y T V T V V P V F P E G D G G R T T D T G R T L E R G T P R N I 0 V Y N P T 1950
CCAAACAGCATGRATGTTCGATGGGACCCTGCTCCAGGTCCGGTACAGCAATACAGAGTTARTTACTCTCCACTATCTGGCCG0IGACCATCAGAATCTATTGTGGTACCAGCCAACACTOGTGATGTGATCCTGGMCGCTTAACTCCT 6256
P N S M N V R W E P A P G P V Q Q Y R V N Y 5 P L 5 G P R P S E S I V V P A N T R D V M L E R L T P 2000
GACACTGCTTACTCMTARATGTTATAGCTCTGTATGCAGATGGAGAAGW*ATCCAAGCCAAMGCAGGGMCAACATTGCCTCGCAGTGGGCCAAGGMTCTGAGAGTGTTCGATGAGACMCAAACAGCCTTTCTGTACMTGGGAC 6406
D T A Y S I N V I A L Y A D G E G N P 5 0 A 0 G R T L P R 8 G P R N L R V F D E T T N S L S V Q W D 2050
CATGCTGATGGGCCAGTCCAGCAGTACAGAATCATCTATTCACCCACTGTGGGAGATCCTATTGRTGRATATACAACAGTTCCTOGCATAAGAARTAATGTCATACTACARCCACTGCMTCAGATACGCCOTATAAMTAACTCTTGTG 6556
H A D G P V 0 0 Y R I I Y S P T V G D P I D E Y T T V P G I R N N V I L 0 P L Q 5 D T P Y K I T V V 2100
GCTGTGTATGAAGACGGAGATGGTGGACAGTTGACTGGMATGGMGMCTGTTGGCCTGCTTCCTCCTCAGMTATATATATAACTGATGAATCGTATACACGATTCAGAGTTTCTTGGGATCCTTCACC\TCCCCTOTTCTTGGCTAT 6706
A V Y E D G D G G 0 L T G N G R T V G L L P P Q N I Y I T D E W Y T R F R V S W D P 5 P S P V L G Y 2150
AAAATTGTATACAAGCCTGTGGGTTCAAATGAGCCCATCGAGGTTTTTGTGGGGGAAGTGACATCCTACACCTTGCATAATCTGTCTCCCAGTACTACTTATGATGTGAATGTTTATGCCCAGTACGRCTCCGGAATGAGCATIACCTTTG 6856
K I V Y K P V G S N E P M E V F V G E V T S Y T L H N L 5 P 5 T T Y D V N V Y A 0 Y D S G M S I P L 2200
Figure 2. Complete nucleotide sequence and deduced protein sequence of al chain of type XII collagen . (a) The sequence of clone 4A
was connected to that ofMR to yield a single linear sequence (9,968 bp) . The sequences flanking the initiation codonATG did not com-
pletely match the consensus sequences proposed by Kozak (Kozak, 1989) but the mostcritical G(-3) was present . A structure corresponding
to a polyadenylation tail appears at the 3' end, followed by an EcoRl linker sequence (not shown in this figure), although no strong polyade-
nylation signal could be identified in the 3'-untranslated region . The estimated molecular weight of this protein (3124 amino acids) was
340,564 . The sequence reported earlier by Gordon et al . (Gordon et al ., 1989) corresponds to nucleotides 7,622-9,770 in this figure . Some
discrepancies are found between this sequence and the published sequence . C (base number 8531), C (8663), G (9184), A (9709), and
T (9763) in the present sequence are substituted for G, T, T, T, and G, respectively, in the previous partial sequence of Gordon et al .
(1989) . Some sequences (156-164 and 190-205) in the 5'-untranslated region are tentative because they were difficult to sequence by
dideoxynucleotide chain termination methods even with TaqDNA polymerase . The hydrophobic stretch in a signal peptide and two possible
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￿
212ACAGATCAAGGCACTACATTATACTTGRACGTCACCGACCTMCMCTTACAAAATT0007GGGATACTTTCTGTATCCGATGGTCACCTCACCGGTCAGCARCTTCCTACRGACTAAAGCTGAACCCAGCTGATGGATCCMAGGACAG 7006
T D 0 G T T L Y L N. V T D L T T Y K I G N D T F C I R N S P N A S A T S Y R L R L N P A D G S R G Q
￿
2250
GA"TTACAGTACGTGGATCAGAMCMGCCATTGTTTTACTGGCCTCTCACCM .ACACAGAATACAATGCARCTGTCTTTCFTCACACCCCTAACCTTWGGGTCCTCCAGTCTCTGTGAGGGMGTACGGTCCTCARACCTACAGAG 7156
E 1 T V R G S E T 3 N C P T G L S P D T E Y N. A T V F V Q T P N L E G P P V S V R E K T V L R P T- Z
￿
2300
GCACCLRCTCCACCGCCTACGCCTCCTCCACCTCCCACAATCCCTCCAGCTCGGGATGTATGCAGAGGTGCTAAAGCAGACATA=GTTCTTGACTGATGCTTCCTGGAGTATTGGTGATGATAACTTCAkCAAACTAGTAAAGTTTGTT 7306
A P T' P P P T' P P P P P T' I P P A R D V C R G A K A D I V F L T D A 3 N S I G D D N F N K V V K F V 2350
TTTAATACAGTIIGGAGCCTTTGACTTGRTTAATCCTGCTGGAATCCAGGTTTCACTTGTGCAGTACAGCGRTGAAGCACRATCTGAGTTTAMCTGAATACATTTWTGACAAGGCTCAAGCCCTGGGAGCTCTTCAAMTGTTCAATAC 7656
P N T V G A F D L I N P A G I 0 V S L V Q Y 3 D E A Q S E F K L N T F D D R A Q A L G A L 0 N V Q Y 2600
AGMGAGGAMGCACGGACAGGCAAAGCCCTAACATTTATCAAAGAAMGGTTTTGACTTGGGMMCGGCATGAGACGAGGTGTTCCCMGGTACTTGTTGTTGTCACAGATGGTCGATCACAGGATWOGTGAGGMAGCAGCAACG 7606
R G G N T R T G K A L T P I K E K V L T N E S G N R R G V P K V L V V V T D c R S 0 D E V R K A A T 2650
GTCATACAGCACTCTGGCTTCAGTGTCTTTGTGGTTGGTGTGGCTGATGTGGATTACAATGAGCTGCCCAAGATTGCCAGTMGCCCAGTGAACGTCATGTATTTATTGTTGATGACTTTGATGCATfTGAAAAGATTCAAGATAACCTC 7756
V 1 0 N S G F 3 V F V V G V A D V D Y N E L A K I A S K P S E R N V F I V D D F D A F E K I Q D N L 2500
GTCACCTY'TGTGTGTGAGACAGCTACCTCMCTFGTCCTCTTATTTACTTGGAAGGATATACTTCACCTGGTTTCAAGATGTFGGAATCATATARTCTGACAGAGAAGCATTTTCCTTCTGTGCAAGGTGTATCACTGGMTCAGGTTCT 7906
V T F V C E T A T S T C P L I Y L E G Y T S P G F K M L E S Y N+ L T E K N F A 3 V 0 G V S L E S G S
￿
2550
TTCCCAAGCTATGTAGCATATAGACTCCACAAAAATGCCTTTGTCAGCCAGCCARTACGGGAGATTCACCCAGAGGGACTGCCACAGGCATACACTATCATCATGTIATTCCGTCTTCTGCCTGAATCCCCCAGTGAACCTTTTGCTATT $056
P P S Y V A Y A L N K N A F V S 0 P I R E I K P E G L P 0 A Y T I I M L F R L L P E S P S E P F A 1 2600
TGGCAGATTACAGACAGAG .ATIACAAGCCACAAGTTGGAGTTGTGCTTGATCCTGGCMCAAAGTGTFGTCATTCTTTAACAAGGATACAAGGGGAGMGTTCAAACTGTAACTTTTGATMTGATGAAGTAAAGAAAATCTTTTATGGA $206
N 0 I T D R D Y K P 0 V G V V L D P G S K V L S F F N K D T R G E V 0 T V T F D N D E V K K I F Y G 2650
AGCTTCCACRAGGTTCATATSGTTGTCACTTCATCMATGTTA&GhTTTACATTGACTGCAGTGAMTACTGGAAAAGCCAATTAAGGAGGCTGGGAKTATCACAACTGRTGGCTATWNATACTTGGGAMCTTCTGAAAGGTGACCGG $356
S F N K V K I V V T 3 9 N V K I Y I D C S E I L E K P I K 6 A G N+ I T T D G Y E I L G K L L K G D R 2700
AGATCAGCMCATTAGAMTCCAGMTTTIGACATTGTCTGCAGTCCAGTTSGGACTAGCAGAGACAGATGCTGTGATCTTCCTTCTAMAGlWATGAAGCAAAATGTCCAGCTCTTCCAMTGCTTGCACCTGTACTCMWCAGTGTG 5506
R S A T L E I 0 N F D I V C S P V N T S R D R C C D L P S M A D E A K C P A L P N A C T C T 0 D S V 2750
GGACCTCCAGGACCCCCTGGACCTCCTGGTGGCCCAGGTGCTMAGGTCCTAGAGGTGAAACGGGTTTGACTGGATCATCTGGGCCACCTGGTCCTCGTGGTGAGACAGGTCCTCCAGGTCCTCAAGGCCCTCCAGGTCCTCAGGGTCCC 5656
G P P G P P G P P G G P G A K G P R G E R G L T G 3 3 G P P G P R G E T G P P G P Q G P P G P 0 G P 2500
AACGGCCTTCAAATCCCAGGAGAACCGGGTCGOCAAGGAATGRAAGGTGATGCTGGCCAGCCTCGACTACCAGGACGATCAGGAACCCCAGGCTTACCTGGTCCACCTGGCCCAGTGOGACCTCCAGGTGAAAGGGGTTTCACAGGAAAA 5606
N G L Q I P G E P G R 0 G M K G D A G Q P G L P G R S G T P G L P G P P G P V G P P G E R G F T G K 2550
GATGGTCCCACAGGTCCCAGAC .GCCCACCAGGACCAGCGGGTGCCCCAGGAGTTCCAGGAGTTGCTGGTCCAArTGGAAAGCCAGGGAAACCAGGAGA000TGGGACACCAGGTACACCTGGAATGAAGGGAGAAAAGGGTGACAGAGGT 5956
DGPTGPRGPP0PAGAPGVPGVAGP5GKPG9PG0RGTPGTPGMKG9KGD-2 f 2900
GACATTGCTTCTCAGAACATGRTGCGAGCAGTTGCAA MAArTTTGTGMCMTTGATARAT000CAAATGMCCGATTCAATCAMTGTTGMTCAMTCCCGMCGATTATTATTCIWITCGCAACCAGCCAGGGCCACCAGGACCA
￿
9106
IASQNMNRAVARQVCE0LING0MSRFNQMLNQIPNDYY3NRN0PGPPGP2950
CCTGGTCCTCCAGGAGCTGCTGGGACAAGAGGAGAGCCTGGMCTGGAGGCAGMCAGGATTCCCAGGMCTCCTGGGGTCCAAGGMCACCTGGTGAAAGAGGMTGCCTGGAGAGAAAGGTCAAAGAGGGACTGGATCTCAAGGACCA 9256
P G P P G A A G T R G E P G P G G R P G F P G P P G V 0 G P P G E R G M P G E K G 9 R G T G S 0 G P 3000
CGAGGTTTGCCAGGACCACCTGGTCCACAGGGAGMTCCAGAACAGGTCCACCAGGCTCCACAGGATCACGAGGACCACCCGGGCCTCCAGOTCGTCCTGGAAATGCGGGTATTCGAGGTCCTCCAGGGCCACCAGGATATTGTGATTCA 9606
R G L P G P P G P 0 G E S R T G P P G S T G S R G P P G P P G R P G N A G I A G P P G P P G Y C D S 3050
TCCCAGTGTGCTAGCATTCCTTACMTGGCCMGGATTCCCAaAACCATACGTTCCTGAAMCGGACCCTATCAGCCTGAAGGTGMCCCTTCATAGTCCCTATGGAGTCAGAACGGAGAGAGGACGAGTATGAGGNCTATGGAGTTGM 9556
S Q C A S I P Y N G 0 G F P E P Y V P E S G P Y Q P E G E P F I V P M E S E R R E D E Y 3 D Y G V E 3100
ATGCATTCACCAGAGTACCCTGAGCACATGCGCTGGAAAAGATCGCTGTCAAGMMOCAAAAAGAAAGCCATAAAAGATCTGTCTTGTTTTCTGTTTTTTTCTTGGGGAGGGAGGGGGTTGATTGGTGGTATTGGTTTTGCTATACTTC 9706
M N S P E Y P E K M R N K R S L S R R A K R K P tar
￿
3126
CMTTTGCAGATACACACAGGGAGAGTGCATCATTTGTTSGGCMTCCTATGGCTTTCTGGTCTTCTCATATCAGACGCGCCCTTGTTCTGTATCTTGCTTGTGTGGGGATAGCMTATGTGTRACTAGACACTTCGTSGTGCTCTGGAC 9556
ATGCTTGTAAAATACTATTGCTTMAGGGGTGCGTMAGGTTAATATCTGCATTCAGTTATCCCAGGGCTGCCTTTFCCTTAAAGTMTGTT
￿
9965
CMTTCCGCTCGCGTCGGGAGCTACAGTCATCGAGGCGTCTCCCCCGCGCCCGGCTCCTGCCTCCGCTCCTCCTTCGCCGCCGCTGCTACGCGCCGCTCCCTCCACCAGATTCATTCJITGTTGTTGTGAGCCGAAAGGGCAGACATGAG
L A S G A T V I E A S- P P R P A A A S A P P 3-P P L L R A A P S- T R F I N V V V S R K G R N E
GACAGCGCTGTGCTCGGCGGTGGCTGCGCTGTGTGCCGCCGCCfCCTCTCCTCCATCGAGGCTGAAGGTTTAGMTGTAGM----
D S A V L G G G C A V C R R L L S S I E A R G L E C R -
--CATTTTTATCTAGAGGTTTAGAATGTAGM----
3520
cell adhesion signals (DGR and RGD) are underlined. (b) The 5' region of LEI which did not match the sequence of clone 4A was also
sequenced and translated into amino acids. The lowest line shows an aligned piece of clone 4A sequence for comparison. It should be
noted that AGG, a sequence relating to splicing, emergesimmediately after thepointofdivergence of thetwoclones. +, a potential residue
for N-glycosylation; *, a postulated residue for O-glycosylation (see Results for details). These sequence data are available from EMBL/
GenBank/DDBJ under accession number D00824.
surface receptors (Fig. 4). VD (2317-2508) is the last region
homologous to A domains in von Willebrand factor and also
found to display a high homology to VA, VB, and VC when
related domains in other proteins were aligned (Fig. 4 b). It
is notable that a threonine or serine residue is found immedi-
ately adjacent to proline clusters on the COOH-terminal side
(in HID) of VC and on the NH2-terminal side of VD, as well
as in a potential reading frame ofthe LEl clone (see below).
It has been shown that a similar sequence pattern is O-glyco-
sylated in von Willebrand factor (for a review, see Titani and
Walsh, 1988) . These characteristic sequences in type XII
collagen may, therefore, be subjected to this post-transla-
tional modification. IXP (2509-2750) is a sequence homolo-
gous to the peptide in the NC4 domain of type IX collagen
proteoglycan (Gordon et al., 1989) . It is possible that the se-
ries of domains from IIIA to IXP correspond to the very long
"NC3" region originally described by Gordon et al. (1989)
but not sequenced. COL2 (2751-2902) and COLT (2946-
3048) are typical and consecutive collagenous sequences
which are interrupted by the short noncollagenous segment
NC2 (2903-2945) (Gordon et al., 1989). The collagenous
sequences contribute -7.7% of the total length of type XII
collagen.
Within the COL2 domain and near the boundary between
Yamagata et al. Type XII Collagen
COL2 and NC2, there is a potential cell adhesion signal,
Arg-GlyAsp, or RGD (2899-2901). NO (3046-3124) is
likely to be a redundant sequence at the tail of this molecule.
It is also notable that there are 10 putative signals for N-gly-
cosylation in IIIA, IIIC, IUD and IXP (never in VA, VB, VC,
VD, and collagenous domains) as well as several predicted
sites for O-glycosylation at the edges of IUD, indicating the
potential for extensive carbohydrate modification. It should
also be noted that type XII collagen had 20 seryl-glycyl se-
quences, which might be modified with glycosaminoglycans.
Since humanversican, which is a cognate molecule ofchicken
PG-M (Shinomura, T., and K. Kimata, unpublished result),
contained 23 seryl-glycyl sequences (Zimmermann and Ruos-
lahti, 1989), it is possible that some of these sequences in
type XII collagen might be attachment sites for chondroitin
sulfate. However, type XII collagen from tendon has already
been shown to be free of this glycosaminoglycan (Dublet et
al., 1989).
As described above, the aligned isolated clones showed a
discrepancy between two clones, LEI and 4, in the connect-
ing region of IIIC and VC (See Fig. 2 b). The sequence of
clone LEI contained a reading frame which possibly ex-
tended to an uncloned sequence. Although the deduced se-
quence had no significant homology to known proteins, the
213sequence included some serine residues adjacent to proline
clusters. It is likely again that these serines would be O-gly-
cosylated, because this position is immediately adjacent to
aVC segment that is homologous to the von Willebrand fac-
tor A domain . It should also be noted that the position is lo-
cated exactly at the boundary of two structural domains, VC
and IIIC. Furthermore, near the sequence of the breaking
point, the nucleotides AGG can be found in both clone 4 and
LEl (Fig . 2 b) . This sequence is exactly the consensus struc-
ture formed after the connection of a splicing donor and its
acceptor (Lewin,1980) . Genomic Southern analyses probed
with each of several fragments of type XII collagen cDNA
suggested that this molecule was a single copy gene (data not
shown) . Therefore, it is plausible that the discrepancy be-
tween these two isolated clones is an indication of alternative
splicing during mRNA processing at this position . The ap-
pearance ofdoublet bands on immunoblots of proteins from
cultured chick fibroblasts might be related to this possibility
(see Fig . 6) . Northern blots of poly A+ RNA from these
cells probed with MFl DNA gave unseparated, smeared
bands of ^10 kb, the mobility of which was slightly lower
than that of bands probed with fibronectin cDNA (not
shown) . The isolation of additional clones will be required
to clarify the structure ofthis possible alternative sequence .
Cell Adhesion Activity ofTwo Sequences Found
in Type XIICollagen
Arg-Gly-Asp (RGD), a cell adhesion signal, is present near
the terminus of COL2 . DGR (2438-2440), a reverse se-
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Figure 3. Homology plot analysis of type XU col-
lagen . The peptide sequence exhibited in Fig. 2
was subjected to homology plotanalysis (DNASIS
program, Hitachi Co .) for demonstration of inter-
nal repetitive structures in this protein. A single
dot indicates that >9 residues matched in a search-
ing area of 30 residues. The bar illustrated across
the bottom of this figure represents the organiza-
tion of modular domains . The name and features
of each domain are described in the text (Results) .
711, a unit homologous to type III repeats in
fibronectin ; V, a unit homologous to domain A
motifs in von Willebrand factor ; C, a typical col-
lagenous domain . The positions ofDGR andRGD
are also shown in the figure .
quence ofthis cell adhesion signal, was found in the VD do-
main . A series of peptides containing these sequences and
their flanking sequences were synthesized and conjugated to
an immunoglobulin carrier . The coupled protein was im-
mobilized onto plastic plates for cell adhesion assays. A
tetradecapeptide containing RGD indeed showed significant
cell adhesion activity for certain types of cells, whereas the
corresponding peptide containing RGE instead of RGD did
not show activity (Fig. 5) . Mouse L cell fibroblasts and ham-
ster BHK cells did not significantly adhere to the RGD
peptide-coated plates. In contrast, three mammalian cell
lines, B16-F10 melanoma, Neuro 2a, and NMuMG cells, as
well as chick embryonic fibroblasts clearly attached to the
plates with the RGD 14-mer. PC12 weakly but significantly
attached to the RGD 14-mer-coated plates . B16-F10 mela-
noma, NMuMG cells, and chicken embryonic fibroblasts
could spread on the RGD 14-mer substrate. Neuro 2a cells
extended neurite-like structures under the assay conditions
employed (serum-free) (not shown) . This pattern ofcell-type
specificity of adhesion to those type XII collagen-derived
peptide-substrates was parallel to that ofadhesion to laminin
rather than to fibronectin . The second peptide containing the
DGR sequence showed weak cell adhesion activity for B16-
F10 melanoma, Neuro2a and NMuMG but none for the
other cell lines (Fig . 5) .
7issue Variation andLocalization of TypeXIICollagen
We raised antisera against a fused protein encoding theHID
domain produced in lysogenized E. coli . The antibodiesIIIA
24 EVNPPSDLNFTIIDEHNVQ MSWKRPPDAIVGYR17VVPTNDG
IIIB
331 EVVEPASNLVATQISSKSVRITWDPSTSQITGYRVQFIPMIAG
IIIC
629 KSYVPAKNMVFSDVTSDSFKVSWSAAGSEEKSYLIKYKVAIGG
721 VKGAPRNLRITDETTDSFI VGWTPAPGNVLRYRLVYRPLTGG
812 VRGNPRNLRVSDATTSTTMKLSWSAAPGKVQHVLYNLHTRYAG
905 ERGSPRNLITTDITDTTVG LSWTPAPGTVNNYRIVWKSLYDD
(CON)----PrNl-v-d-t--s---v-W-papg-v--Yri-y-p---g-------e--V----ts--L--L-P-T-Y-v-V-a-y-----dg-s---------
(III)----P--L-.-------T-I-V-W--P-I-I--Y-L-Y--------I----------------I--L-P---Y---V-A---.I------s---------
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Figure 4. Alignments of repetitive sequences in type XIIcollagen andcomparison with type III repeats of fibronectin (a)or vonWillebrand
factor A domain (b). (a) 18 motifs from MA to IIID were aligned according to the method of Patthy (1987) . (CON) Consensus amino
acids among the 18 motifs in type XII collagen. Thecapital letters andlowercase letters indicate identical residues in more than 12 lines
and 8-11 lines, respectively. (III) A typical consensus sequence found in representative type III repeats of fibronectin, tenascin, Ll, and
leukocyte common antigen-related molecules (for details, see Patthy, 1990). (REC) A consensus sequence in the motifs of several cell
surface receptors for soluble factors (Patthy, 1990). (b) The sequences of VA, VB, VC, and VD in type XII collagen, and one motifin
human von Willebrand factor (vWAI) are aligned. (CON) A consensus sequence among all 4 lines of these modules in type XII colla-
gen. Capital letters and lower-case letters indicate identical residues in all of thelines andthree lines, respectively. The underlined resi-
dues S and T located adjacent to P clusters are O-glycosylated in the case of von Willebrand factor, and may therefore possibly also be
O-glycosylated in type XII collagen.
specifically reactedwith a doubletband of 340 and 350 kD
and two bands with lower mobilities (500 and 550 kD) on
immunoblots of crude lysates from 10-d chick whole em-
bryonic fibroblasts (CEF) (Fig. 6) . The appearance of the
bands at 340/350 kD is consistent with our cDNA analysis,
whichpredicteda340-kD protein. However, this result is not
consistent with a biochemical analysis of type XII collagen
in chick tendon and 17-d chick embryonic tendon fibroblasts
describedpreviously by Dublet et al. (1989). To test thepos-
sibility that the discrepancy may be due to tissue-specific
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PTKEFTLSPSTTQTVLSDLIPEIEYVVSIASY DEVEESLPVFGQLTIQT
GKQHVLSVGPQTTALNVKDLSPDTEYQINVYAMKGLTPSEPITIMEKTQQVK
DEFIVSVPASSTSSVLTNLLPETTYAVSVIAEYE DGDGPPLDGEETTLE
ERRQVTVSANERSTTLRNLIPDTRYEVSVIAEYQSGPGNALNGYAKTDE
VETKELTVKGDTTSKELKGLDEATRYALTVSALYASGAGEALSGEGETLE
TMGEKRVPGNTVDAVLDGLEPETKYRISIYAAYSSGEGDPVEGEAFTDVSQS
VCSGV
VCLRI
LCNSVKGPGDLPPPINLVISEVTPHSFRLRWIFPPE
VCETA
VC
molecular diversification, extracts of tendon from 3-d-old
chick or whole bodies of 4-d-old chick embryo was also
analyzed by immunoblotting. In the tendon, a band of 200
kD and diverse bands with lower mobilities (ca. 420 kD in
our analysis) were specifically detected. This result was con-
sistent with theanalysis by Dublet et al . (1989) except that
mol. wt. of these bands were calculated as 220,000 and
270,000/290,000, respectively. In 4-d whole embryo, bands
that reacted apparently had lower mobilities. Bands were
seen at 420 and 500 kD/550 kD, which appeared to cor-
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Figure S . Cell adhesion activity of synthetic peptides containing
potential cell adhesion sequences found in type XII collagen . Im-
munoglobulin carrier conjugated with KGEKGD DIASQN (1),
KGEKGDRGEIASQN (2), cysteine (3), orCVVTDGRSQDEVRK
(4) was coated on plastic plates at a concentration of 100 1g/ml .
Purified fibronectin (S) or laminin (6) was also coated at 5 ug/ml .
B16-F10 melanoma (B16F10), L fibroblast, Neuro 2a, Normal mu-
rine mammary gland (NMuMG), PC12 rat pheochromocytoma,
BHK fibroblast, or chick embryonic fibroblast (CEF) cells were
seeded onto plates precoated with various substrates and incu-
bated . Percentages ofcells that displayed a spread configuration are
shown .
respond to the bands with lower mobilities in the tendon and
CEF, respectively . The antibodies did not crossreact with
chicken plasma fibronectin, chick tenascin, chick PG-M
core molecules, chick type IX, X, or XI collagen on immu-
noblots (data not shown) . In plasma of adult chicken blood,
Figure 6. Specificity ofantibodies to a type XII collagen fusion pro-
tein expressed in bacteria . CEF (a andf ), whole bodies of4-d chick
embryo (b, f), and tendons of 3-d chick (c, e) were lysed in SDS
sample buffer with /3-mercaptoethanol . Samples were analyzed by
electrophoresis in a 5% (wt/vol) gel, and then transferred to a
nitrocellulose membrane for immunoblotting . Lanes a, c, d, and
freceived 101Lg of total protein, and lane b and lane e received 5
and 20 hg, respectively. To identify relationships among bands in
different samples, samples with different protein amounts were set
to the gel in two different lane arrangements . Molecular sizes of
chick cellular fibronectin (250 kD), and molecular standards (myo-
sin, 200 kD ; phosphorylase b, 94 kD ; and serum albumin, 67 kD)
are indicated on the left, and the origin of the resolving gel and the
dye front are indicated by the arrowheads on the right .
no crossreactive molecules were detected as ascertained by
immunoblotting (data not shown) .
The same antibodies stained the extracellular matrix of a
series of tissues in developing embryos and in chicks im-
mediately after hatching (Fig . 7) . Sugrue et al . (1989) de-
scribed the localization of this collagen by immunostaining
with an mAb termed 75d7. Since we observed staining pat-
terns similar to theirs in dense connective tissues containing
type I collagen such as tendons, ligaments, perichondrium,
and periosteum, we focused our attention on the localization
in other tissues . Most mesenchymal cells examined appeared
to produce a significant amount of this molecule. In the de-
veloping embryo, however, the most prominent localization
was found in the extracellular matrix surrounding certain
nervous system components such as axons from dorsal root
ganglia, motor column, and dendrites from auditory ganglia
(Fig . 7, c-e) . In stage 19 embryos, fibrous structures in the
sclerotome and in the posterior half of the dermatome were
found to be reactive (Fig . 7 a) . The net effect ofthis posterior
(caudal) localization pattern was to generate a series of
stripes along the axis of the embryo.
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I
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I
I BHKIn the wing bud, staining was associated with developing
dermis, and with epimysium and perichondrium surround-
ing skeletal muscles and cartilages, respectively (Fig. 7 g);
the staining in these areas was more prominent in 10-d em-
bryos and later stages (not shown), consistent with the result
of Sugrue et al. (1989) . In skeletal muscles, the capillaries,
endomysium, and perimysia were positive, whereas muscle
fibers were negative (Fig. 71) . Skeletal cartilages, scleral car-
tilage, fat pads, and myocardium were negative (not shown).
The central nervous system itself was negative, including
brain (Fig. 7 o), retina (not shown), and developing spinal
cord (Fig. 7, c andf) although the attached basement mem-
branes were positive. In various organs of the hatched chick,
some predominant regions of staining were related to vascu-
lar systems: smooth muscle cell layers ofaorta (Fig. 7 k) and
veins in liver (Fig. 7 i), intestine (Fig. 7j), and brain (Fig.
7 o). Various types of connectivetissues such as in intestine
(Fig. 7 j) and gizzard (not shown) were also positive.
Discussion
We identifiedclones containing fibronectin-like sequences in
chick embryonic fibroblasts, and had previously termed this
new molecule "fibrochimerin" based on its structure and
expression (Yamagata, M., T. Shinomura, K. Kimata, S.
Suzuki, and Y Nishida. 1988. Seikagaku. 60 :616; Kimata
et al., 1989). We then obtained cDNA clones spanning the
remainder of the molecule. Surprisingly, a short part of the
cDNA sequence overlapped a previously identifiedmolecule
that had been named "type XII collagen." This collagen mol-
ecule was originally identified in chick tendon fibroblasts by
a search for new collagenous molecules using synthetic oli-
gonucleotide probes corresponding to the collagen repeat
(Gordon et al., 1987; reviewed in Gordon et al., 1990) . An
mAb to this collagen has also been characterized (Sugrue et
al ., 1989) . Our work on "fibrochimerin" turned out to pro-
vide the complete sequence of the lengthy noncollagenous
"NC3" domains located in the 5' nine-tenths of this collagen
molecule. Thus, "fibrochimerin" corresponds to a postulated
cxl(XII) chain of type XII collagen. To avoid confusing the
literature, we now refer to this molecule as type XII colla-
gen, although collagenous sequences comprise only 7.7 % of
this molecule.
14 or more genetically distinct types of collagen have been
identified by the presence of a substantial content of the
consensus Gly-XY tripeptide repeating unit necessary for
formation of the triple helix. Of these, type IX collagen is
unusual with its interrupted noncollagenous domain and gly-
cosaminoglycan (for a review, Gordon and Olsen, 1990) . Re-
cently, type XIV collagen has been identified from tendons
and skin. This collagen contained collagenous and noncol-
lagenous domains highly homologous to type XII collagen
with a triple-helical interrupted domain (Dublet and van der
Rest, 1991). Therefore, type IX, type XII, and type XIV
collagens are likely to belong to a subfamily of collagens,
termed FACIT (fibril-associated collagens with interrupted
triple helices) because of their fibril-associating characteris-
tics (Gordon and Olsen, 1990; Shaw and Olsen, 1991) .
The amino-terminal 92 % of type XII collagen (NC3) con-
sists ofmultiple domains of repeating noncollagenous struc-
tures, which we have subdivided into domains IIIA, VA,
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IIIB, VB, IIIC, VC, RID, VD, and IXP (Fig. 3). These do-
mains consist of motifs characteristic of cell adhesion mole-
cules. This conclusion is consistent with what has been pub-
lished to date in the biochemical and microscopic studies of
type XII collagen (Dublet et al ., 1989). This collagen, there-
fore, could also be considered as a member of the super-
family ofextracellular matrix glycoproteins that are involved
in interactions with cells, such as fibronectin and tenas-
cin/cytotactin (see Fig. 8).
The repetitive feature of numerous type III modules in
type XII collagen is strikingly reminiscent of the structure
of fibronectin or tenascin/cytotactin (Figs. 4 and 8) . Recent
inspections of databases have revealed that a number ofmol-
ecules involved in intercellular interactions contain this mo-
tif (Norton et al., 1990; Patthy, 1990). Of these, however,
the repeats in type XII collagen are more homologous to
those in fibronectin or tenascin/cytotactin than to those in
cell-surface receptors for soluble factors (Fig. 4) . In fibro-
nectin, parts of the type III stretch play important roles in
cell-matrix interaction. The Arg-GlyAsp (RGD) sequence
and a synergistic region function in cell adhesion; another
domain binds heparin and related molecules, and promotes
focal adhesions (Pierschbacher and Ruoslahti, 1984; Obara
et al ., 1988 and reviewed in Mosher, 1989; Hynes, 1990).
Moreover, transcripts encoding fibronectin and tenascin dis-
play a variety of alternative splices in the finalmRNAcorre-
sponding to the boundariesofspecific type III repeats (Jones
et al., 1989; Spring et al., 1989 ; Hynes, 1990). Type XII
collagen is also likely to undergo alternative splicing at a re-
gion between domain IIIC and VC (see Results) . The occur-
rence of numerous type III repeats in type XII collagen,
therefore, suggests that it may play a role in cell-matrix inter-
actions in analogy to the other noncollagenous molecules
harboring this repetitive motif.
In addition, an RGD sequence is located just at the end of
COL2 adjacent to NC2, in a hydrophilic segment that is
predicted to be exposed on the surface of the protein. A syn-
thetic peptide containing this and flanking sequences was ac-
tive in cell adhesion assays (Fig. 5). L cells and BHK cells
showed no response to the peptide whilefibronectin showed
significant cell-adhesion activity for these cells. However, it
should be recognized that we have so far demonstrated cell
adhesion activity only for peptides, and many RGD contain-
ing peptides are known to produce adhesion . It must still be
determined whether this RGD sequence is active in cell
adhesion as a part of the collagen triple strand of the native
molecule. The observed cell type specificity might reflect the
natural cell adhesion capacity ofthis collagen with a similar
specificity. Relating the finding that some neuronal cells ad-
hered to and spread on the type XII collagen-derived RGD-
peptides, it was of note that type XU collagen was localized
in the extracellular matrix surrounding certain nervous com-
ponents (Fig. 7).
Domains VA, VB, VC, and VD in type XII collagen are
homologous to the A domain ofvon Willebrand factor. This
motifhas been found in other proteins, such as cartilage ma-
trix proteins, complement factors B and C2, type VI colla-
gen, and leukocyte integrins (Bentley, 1986; Argraves et al .,
1987; Pytela, 1988; Chu et al ., 1990). The A domain in von
Willebrand factor is thought to be involved in binding to col-
lagens and platelet glycoprotein lb (Titani and Walsh, 1988).
If this is also the case with type XII collagen, these domains
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218might be responsible for self-association or for binding to
other types of ligands containing collagenous portions or
leucine-rich motifs (in the case of glycoprotein Ib) . As for
the latter possibility, preliminary data show colocalization of
this molecule and type I collagen on cultured cells (Dublet
et al ., 1989), suggesting its binding to fibrous collagens or
to decorin, a proteoglycan bearing leucine-rich motifs . It is
also notable that these four domains show substantial homol-
ogy (ti40% identity) at the amino acid level compared to the
motifs in other proteins . Apart from this, it is notable that
the sequence Asp-Gly-Arg (DGR) is located in VD. Since a
version of this reverse sequence ofRGD can affect cell adhe-
sion (Yamada and Kennedy, 1985), this domain might have
some adhesion function . Our assay using DGR-containing
synthetic peptide coupled to immunoglobulin supported this
possibility in the case of certain types of cell (Fig . 5) .
The tx3(VI) chain of type VI collagen also contains von
Willebrand factor motifs and a type III repeat . However, VA,
VB, VC, and VD in type XII collagen do not show increased
homology to the eight modules found in the chain of type VI
collagen (not shown) . Furthermore, most, if not all, of the
motifs in the type VI collagen lack cysteine residues at their
Figure 8. Schematic structures for
three extracellular matrix molecules
containing repetitive type III motifs .
Type XII collagen also belongs to a
superfamily of extracellular matrix
proteins with repetitive type III mo-
tifs (shadowed) . A potential primary
cell adhesion signal, RGD, is present
in each molecule . In the reiterated
type III motifs in fibronectin, other
sites that enhance cell adhesion have
been found (see text) . In addition to
type III motifs, fibronectin contains
type I and type II motifs (Petersen et
al ., 1983) and tenascin/cytotactin
contains EGF-like repeats and a do-
main homologous to fibrinogen glob-
ular domains (Jones et al., 1989 ;
Spring et al ., 1989) .
edges, which are mostly conserved in other proteins includ-
ing von Willebrand factor and type XII collagen . Consider-
ing the domain organization and molecular evolution of type
XII collagen, a combined unit consisting of type III motif(s)
plus one von Willebrand factor A motif (i.e . IIIA plus VA,
IIIB plus VB, IIIC plus VC, and IIID plus VD) seems to be
a primordial unit . This combination is never observed in
type VI collagen, which consists of consecutive von Wille-
brand factor A motifs (Chu et al., 1990) .
The primary sequence of type XII collagen suggests sev-
eral structural features . Repetitive domains IIIC and IUD
may be highly elongated in analogy to the counterpart struc-
tures of fibronectin and tenascin molecules . Since in VA,
VB, VC, and VD the locations of cysteine are conserved, the
two residues at the edges of each domain may form a disul-
fide bond . IXP contains eight cysteine residues, which may
be responsible for forming interchain or intrachain disulfide
bonds . These predictions can be correlated with the results
of rotary shadowing, which observed molecular images with
a thin triple-helical collagenous tail and a thicker, extended
arm corresponding to the noncollagenous main portion of
the protein (Gordon et al ., 1990 ; Dublet et al., 1989) .
Figure 7 . Immunofluorescence staining with anti-type XII collagen antibodies . (a and b) Immunofluorescence staining (a) and phase con-
trast (b) of a longitudinal section of the trunk region of a stage 19 chick embryo. Posterior portions of each dermatome were significantly
more stained than the anterior portions . (c) Transverse section at the tail region of a stage 26 chick embryo . (d) Transverse section at
the hind limb level ofa stage 26 embryo. The extracellular matrices surrounding axons from a dorsal root ganglion and lateral motor column
were most prominently stained . (e)Apart ofthe otocyst in a stage 31 embryo . Dendrites from an acoustic ganglion to otic sensory epithelial
cells were significantly positive . (f) Neural tube in the head region ofa stage 26 embryo was negative, whereas outer brain mesenchyme
was stained in fibrous patterns . (g and h) Immunofluorescence (g) and phase contrast (h) ofa part ofthe wing bud of a stage 31 embryo.
Differentiated cartilage and muscle were negative, although the surrounding areas were positive. The dermis immediately attached to an
epithelial layer was also significantly stained . (t) The matrix surrounding central veins of liver from a newly hatched chick was positive
whereas theparenchymal hepatic cells were negative . (j) The inner region ofvilli surrounded by intestinal absorptive cells and muscularis
mucosae were positive. The inner core contains blood capillaries and a variety of connective tissue cells. (k) Transverse section of aorta
of a newly hatched chick . (l) Skin and muscle of a hind leg of a newly hatched chick. (m, n) Immunofluorescence (m) and phase contrast
(n) of the lung of a hatched chick. The walls of alveoli were positive . The bronchiole and pulmonary vein, however, were negative. (o,
p) Immunofluorescence (o) and phase contrast (p) showing the cerebrum of a newly hatched chick . The peripheral gray matter was com-
pletely negative while the surrounding membrane and a vein were stained . Abbreviations used in photographs are : dr, dermatome ; sc,
sclerotome ; nt, neural tube; nc, notochord ; dg, dorsal root ganglion; mt, motoneuron ; ot, otocyst ; bm, brain mesenchyme ; ca, cartilage ;
ms, muscle ; ds, dermis ; ep, epithelium ; hp, hepatocyte ; vn, vein; ad, absorptive cells; sm, smooth muscle ; em, epimysium; al, alveoli ;
br, bronchiole ; gm, gray matter. Bars, 100 um ; (bar in k for a, b, d, and e ; bar in o for c, f-j, l-n, and p) .
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219The immunoblotting analysis showed type XII collagen in
chick tendon and whole embryo appeared to be different in
size from the molecule in CEF (Fig. 6) . Our cDNA analysis
showed the involvement of the alternative splicing process
and the occurrence oftype III motifs and von Willebrandfac-
tor A motifs in the product which has been shown to be
spliced differently as in the case of fibronectin, tenascin/
cytotactin (see above), and type VI collagen (Doliana et al.,
1990). Therefore, comparison of our cDNA structure for
chick embryonic fibroblasts with the one from other tissues
such as tendon might elucidate this tissue variation of type
XII collagen. Intermolecular cross-linking via collagenous
domains might explain some ofthe bands with lowermobili-
ties. Moreover, N-glycosylation and O-glycosylation might
yield further diversification of molecular forms of type XII
collagen. Alternatively, since type XIV collagen has been re-
cently characterized to have some domains highly homolo-
gous to type XII collagen (Dublet and van der Rest, 1991),
our antibodies might crossreact with this new molecule and
explain some ofthe observed tissuevariation . Further immu-
nological analyses appear necessary.
Type XII collagen was shown to be deposited ubiquitously
in denseconnectivetissues, such as tendons, ligaments, peri-
chondrium, and periosteum (Sugrue et al., 1989). In addi-
tion to these tissues, we found that some extracellular struc-
tures (perhaps basement membranes) associated with certain
nervous, skeletal, and vascular systems are prominently dec-
orated with this molecule (Fig. 7). Particularly in developing
embryos, the matrices surrounding axons from dorsal root
ganglia and lateral motor columns, plus the posterior (cau-
dal) hemispheres of somites, are highly positive. It is possi-
ble that this molecule plays specific roles at these sites. For
example, a dissimilarity between the anterior and posterior
regions of somites is related to selective guidance of neural
crest cell migration and of the outgrowth of motor and sym-
pathetic axons (Keynes and Stern, 1985). As molecules that
could potentially be involved in these processes, tenascin/
cytotactin and CTB proteoglycan now appear to be excluded
by evidence that their zebra-like patterns are not observed
during the selective movements but only at laterstages (Stern
et al ., 1989). Instead, PNA-binding small molecules and
Tcadherin on cell surfaces have been recently suggested as
candidates for the molecules involved in these developmental
processes (Davies et al., 1990; Ranscht and Bronner-Fraser,
1991). We suggested that because of its similar stripe-like
distribution, type XII collagen deposited in extracellular ma-
trix at these developmentally critical stages (Hamburger-
Hamilton stage 17-19) is now a new candidate for playing
such a role in helping to regulate cell or axonal migration.
Together, the unique molecular structure and restricted
distribution oftype XII collagen delineated in this study pre-
dict a distinctive role in cell-matrix interaction as well as
elaborate functions of a structural component in extracellu-
lar matrices. The structure and function of type XII collagen
appears to blur current classification schemes of extracellu-
lar matrix proteins incombining different structural features.
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